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<|nvoice>

<Buyer>
<Name>ABC Corp.</Name>
<Address>123 Industry Way</Address>

</Buyer>

<Seller>
<Name>Goods Inc.</Name>
<Address>17 Business Circle</Address>

</Seller>

<Number num = "70357" />

<ltemLlL)st>
<|tem count = "3" discount= "0.10">widget</Item>
<[tem count = "4" >thingy</item>
<ltem count = "1" >jobber</ltem>
</ltemList>

</Invoice>
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ENCODING SEMI-STRUCTURED DATA FOR
EFFICIENT SEARCH AND BROWSING

This 1s a Divisional of U.S. patent application Ser. No.
10/931,035 filed on Sep. 1, 2004, which 1s a continuation of

U.S. patent application Ser. No. 09/791,579, which 1s hereby
incorporated by reference 1n its entirety.

FIELD OF THE INVENTION

The present invention 1s 1n the general field of accessing
data including but not limited to eXtensible Markup Lan-
guage (XML) documents.

BACKGROUND OF THE INVENTION

There follows a glossary of conventional terms. The mean-
ing of terms 1s generally known per se and accordingly the
definitions below are provided for clarity and should not be
regarded as binding.

Glossary of Terms

Data—Information that one wants to store and/or manipulate.

Database—A collection of data organized by some set of
rules.

Attribute—A feature or characteristic of specific data, repre-
sented e.g. as “columns” 1n a relational database. A record
representing a person might have an attribute “age” that
stores the person’s age. Each column represents an
attribute. In XML (XML 1s defined below), there 1s an
“attribute” that exists as part of a “tag.”

Column—In a relational database, columns represent
attributes for particular rows 1n a relation. For example, a
single row might contain a complete mailing address. The
mailing address would have four columns (“attributes™):
street address, city, state, and zip code.

Record—A single entry 1n a database. Often referred to as a
“tuple” or “row” 1n a relational database.

Tuple—See “record”

Row—>5See “‘record”

Table—See “relation™

Relation—A way of orgamizing data into a table consisting of
logical rows and columns. Each row represents a complete
entry in the table. Each column represents an attribute of
the row entries. Frequently referred to as a “table.”

Relational database—A database that consists of one or more
“relations” or “tables™.

Database administrator—A person (or persons) responsible
for optimizing and maintaining a particular database

Schema—The organization of data 1n a database. In a rela-
tional database, all new data that comes 1nto the database
must be consistent with the schema, or the database admin-
istrator must change the schema (or reject the new data).

Index—FExtra information about a database used to reduce the
time required to find specific data 1n the database. It pro-
vides access to particular rows based on a particular col-
umn or columns.

Path—A series of relationships among data elements. For
instance, a path from a grandson to grandfather would be
two steps: from son to father, and from father to grandfa-
ther.

Structure—The embodiment of paths in particular docu-
ments or data. For example, 1n a “family tree,” the structure
of the data 1s hierarchical: it 1s a tree with branches from
parents to children. Data without a hierarchical structure 1s
often referred to as “flat.”
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(Query—A search for information 1n a database.
Range query—A search for a range of data values, like *“all

employees aged 25 to 40.”

I/O—A read from a physical device, such a fixed disk (hard
drive). I/0s take a significant amount of time compared to
memory operations: usually hundreds and even thousands

of times (or more) longer.

Block read—Reading a fixed sized chunk of information for
processing. A block read implies an “I/O” 1f the block 1s not
1n memory.

Tree—A data structure that 1s erther empty or consists of a
root node linked by means of d (d=0) pointers (or links) to
d disjoint trees called subtrees of the root. The roots of the
subtrees are referred to as “child nodes” of the root node of
the tree, and nodes of the subtrees are “descendent nodes™
ol the root. A node in which all the subtrees are empty 1s
called a “leatnode.” The nodes 1n the tree that are not leaves
are designated as “internal nodes.”

In the context of the invention, leal nodes are also nodes
that are associated with data.

Nodes and trees should be construed 1n a broad sense.
Thus, the definition of tree encompasses also a tree of blocks
wherein each node constitutes a block. In the same manner,
descendent blocks of a said block are all the blocks that can be
accessed from the block. For detailed definition of “tree,” also
refer to the book by Lewis and Deneberg, “Data structures
and their algorithms.”

B-tree—A tree structure that can be used as an 1ndex 1n a
database. It 1s useful for exact match and range queries.
B-trees frequently require multiple block reads to access a

single record. A more complete description of B-trees can
be found on pages 473-479 of The Art of Computer Pro-

gramming, volume 3, by Donald Knuth (©1973, Addison-
Wesley).

Hash table—A structure that can be used as an index 1n a
database. It1s useful for exact match queries. It1s not useful
for range queries. Hash tables generally require one block
read to access a single record. A more complete description
of hash tables can be found on e.g. pages 473-479 of The
Art of Computer Programming, volume 3, by Donald
Knuth (©1973, Addison-Wesley).

Inverted list—A structure that can be used as an index 1n a
database. It 1s a set of character strings that points to records
that contain particular strings. For example, an inverted list
may have an entry “hello.” The entry “hello” points to all
database records that have the word “hello” as part of the
record. A more complete description of inverted lists can be
found on e.g. pages 552-559 of The Art of Computer Pro-
gramming, volume 3, by Donald Knuth (©1973, Addison-
Wesley).

Semi-structured data—Data that does not conform to a fixed
schema. Its format 1s often irregular or only loosely
defined.

Data mining—Searching for useful, previously unknown pat-
terns 1n a database.

Object—An object 1s some quantity of data. It can be any
piece ol data, a single path 1n a document path, or some
mixture of structure and data. An object can be a complete
record 1n a database, or formed “on the fly” out of a portion
of a record returned as the result of a query.

Markup—In computerized document preparation, a method
of adding information to the text indicating the logical
components ol adocument, or mnstructions for layout of the
text on the page or other information which can be inter-
preted by some automatic system. (from the Free On-Line
Dictionary of Computing)
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Markup Language—A language for applying markup to text
documents to indicate formatting and logical contents.
Mark up languages are increasingly being used to add
logical structure information to documents to enable auto-
mated or semi-automated processing of such documents. °
Many such languages have been proposed, ranging from
generic ones such as SGML and XML, to industry or
application-specific versions.

SGML—A specific example of Markup Language, Standard
Generalized Markup Language. SGML 1s a means of for-
mally describing a language, 1n this case, a markup lan-
guage. A markup language i1s a set of conventions used
together for encoding texts (e.g., HTML or XML).

XML—A specific example of Markup Language eXtensible
Markup Language. A language used to represent semi-
structured data. It 1s a subset of SGML. XML documents
can be represented as trees.

Key—An i1dentifier used to refer to particular rows 1n a data-
base. In the context of relational database, keys represent 20
column information used to i1dentily rows. For instance,
“social security number” could be a key that uniquely
identifies each individual in a database. Keys may or may
not be unique.

Join—A method of matching portions of two or more tables 25
to form a (potentially much larger) unified table. This 1s
generally one of the most expensive relational database
operations, 1n terms of space and execution time.

Key search—The search for a particular value or data accord-
ing to a key value. This search is usually performed by an
index.

Search—In the context of data, searching 1s the process of
locating relevant or desired data from a (typically much
larger) set of data based on the content and/or structure of
the data. Searching 1s often done as a batch process, 1n
which a request 1s submitted to the system, and after pro-
cessing the request, the system returns the data or refer-
ences to the data that match the request. Typical (yet not
exclusive) examples of searching are the submission of a 4
query to a relational database system, or the submission of
key words to a search engine on the World Wide Web.

Path search—The search for a particular path in the database.

A “path” 1s a series of relationships among data elements.
For instance, part of an invoice might have the “buyer,” and 45
that buyer has an “address” on the invoice. A search for the
address of all buyers 1s really for the path “invoice to buyer
to address.” This 1s a search for a particular structure, which
1s different from key search (the search for particular val-
ues). Path search and key search may be combined. 50

Browsing in the context of data, browsing 1s the process of
interactively locating relevant or desired data by wandering
or navigating through a (typically much larger) set of data.
Browsing can be done based on data content, structure, or
a combination of these. A common example of browsingi1s 55
the traversal of hyperlinks 1n the World Wide Web 1n order
to locate relevant web pages.

Access—In the context of data, access 1s the process of
obtaining data, typically through searching, browsing, or
through following references. 60

Sibling—FElements of a tree that share the same parent are
siblings. This 1s the same sense as brothers and sisters are
siblings.

Tag—An XML tag represents structural information in an
XML document. A tag may or may not surround data and 65
may or may not contain other tags. All tags have a parent,
except the first tag. Additionally see “markup.”
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Parent-child—In a tree, a child 1s an element that branches
from 1ts parent. In XML, 11 “tagl” immediately surrounds
“tag2,” then “tagl” 1s the parent of “tag2.” “Tag2” 1s the
child of “tagl.”

Token—A short pattern used to represent another pattern.

Complete-key indexing—An indexing method that stores the
key as part of the index. This provides an exact “hit or miss”
result when using the index, but 1s very large when the keys
are large. This 1s contrasted with a “compressed-key index-
ing.”

Compressed-key indexing—A compressed-key index does
not store the entire key 1n the index, thus can be signifi-
cantly smaller than a complete-key index (for the same
keys). However, it may provide “false positives” (that can
be removed later). It should not miss relevant records
(“false negatives™). This 1s contrasted with a “complete-
key indexing.” A Compressed-key indexing 1s described
¢.g. 1 U.S. Pat. No. 6,175,835.

Encoding— Transforming one representation into a different,
equivalent representation. For example, representing the
Roman numeral “VII” as the decimal number *7” 1s a form
of encoding.

Sibling Order—Semi-structured data stored in files have a
specific “order” associated with the data. In a race, finish-
ers are ordered based on their order of appearance across
the finish line: “first,” “second,” “third,” etc. With semi-
structured data, siblings can be ordered by their appearance
in the document.

Semantic information—"“Of or relating to meaning, espe-
cially meaning in language.” (The American Heritage®
Dictionary of the English Language, Third Edition, ©
1996, 1992 by Houghton Miiilin Company) The difference
between the word “orange™ used to represent a color and
the word “orange” to represent a fruit 1s a “semantic”
difference. “Semantic information” 1s information about
the meaming of tags and data.

Syntactic information—Syntax 1s the study of the rules
whereby words or other elements of sentence structure are
combined to form proper sentences. “Syntactic informa-
tion” 1n semi-structured data represents the tags and data,
without information regarding the meamng of the tags and
data.

Homonym—A word that 1s used to designate several different
things. The word “bow” represents a stringed weapon, the
front of a ship, and a loop of ribbon, among other things.
When used with more than one semantic meaning, “bow”
would be an example of a homonym.

Synonym—A word having the same or nearly the same
meaning as another word 1n a language. Words like “top,”
“peak,” and “apex” are synonyms 1n English.

&G

BACKGROUND

The most popular database today 1s the relational database.
In a relational database, data i1s stored in relations (or
“tables™). Tables have columns and rows. The rows are often
referred to as “records™ and consist of a single related group
of data, like a complete mailing address. The columns 1n the
tables represent attributes of the rows. A column 1n a mailing
address table might be “Zip Code,” just one part of a row.

Relations are defined by a database administrator, and have
a fixed format called a “schema.” For instance, the schema for
amailing address relation might be (name, address, city, state,
Z1p), which 1s a “name” followed by an “address” followed a
“city,” etc. Each mailing address that appears 1n the table has
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to have that exact format. Changes to the schema are quite
expensive, and result 1n significant “downtime” for the data-
base.

The database administrator also builds 1nitial indexes. An
index 1s a data structure that provides very quick access to
particular rows, based on particular data values. For instance,
a database administrator could make an index over the “zip”
column that would make searching for zip codes very fast.
Building new indexes over an existing relation can be quite
expensive (insofar as space and processing time 1S con-
cerned).

Relational databases generally index the data using vari-
ants of B-trees, hash tables, and inverted lists. These indexes
provide good performance when the schema 1s fixed, and
when the database administrator has created specific indexes
for expected queries. It 1s generally quite expensive when
users wish to perform a query that cannot use an existing,
index.

As specified above, data that do not conform to a fixed
schema are referred to as semi-structured. This type of data 1s
often irregular and only loosely defined. Even in the previous
example of a mailing address, one can see how semi-struc-
tured data could be used. Imagine a database that takes global
mailing addresses. Some addresses would have cities and
states, some would include country and country designator,
some would have numeric zip codes, some alphanumeric
postal codes, and many would include extra information like
“office number.” They would be very different, depending on
where they originated. In all cases, though, even though they
do not look the same, they are still instances of a “mailing
address.”

Perhaps the prime example of semi-structured data 1s the
content available on the Web. On the web, semi-structured
data 1s the rule, not the exception. Just storing and searching
simple web pages 1s difficult because they are all so different.
Semi-structured data also appears 1n business and scientific
applications that access (or generate) heterogeneous data
stores. Even a simple task like data mining in a database of
customer purchases, where the data comes from a seemingly
structured source, has at 1ts core a semi-structured data rep-
resentation: the “shopping basket.” Every shopping basket 1s

different, and a collection of such baskets 1s a semi-structured
source.

Unlike the relational data stored in a typical database,
semi-structured data does not have a strict schema and does
not have to conform to a preset format. Because of this,
semi-structured data 1s more interesting at this time since
storage and searching mechanisms are fairly new, by industry
standards.

In searching semi-structured data, queries often include
information about the structure of the data, not just field
contents. For instance, genecalogists may care about the
grandchildren of a particular historical figure. Such data paths
(e.g., the path from “grandparent” to “grandchild”) are often
explicit in the semi-structured data, but are not stored explic-
itly 1n a relational database. At the same time, semi-structured
data may be queried over particular attributes, independent of
the structure that surrounds those attributes (e.g. key word
search).

Also, queries may contain structural constraints about the
objects returned. For instance, one may be interested only 1n
“restaurant objects” that minimally have a name and address
associated with them. These are not queries solely associated
with semi-structured data, but the types of queries that may be
encountered, and that an effective index should account for. A
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more detailed discussion of paths 1n semi-structured data can
be found 1n, e.g. “Keys for XML,” Buneman, et al., August
2000.

Relational databases that store structured data are going
through a process of incremental refinement, realizing gains
in performance at an ever-slowing pace. Semi-structured stor-
age solutions at this time are neither mature nor standardized.
Most storage and indexing systems shoechorn semi-structured
data into some well-understood structural form such as rela-
tional format. This 1s far from being a practical, scalable
solution and there i1s accordingly room for significant
improvement.

There follows discussion 1n connection with a specific
instance of semi-structured data, 1.e. the popular XML (eX-
tensible Markup Language) data. Various academic papers
and emerging products focus on the generation, storage, and
search of XML. XML has been considered the “lingua galac-
tica” for content exchange over the Internet because 1t can be
used to encode any arbitrary type and quantity of information.
As the consideration of XML has progressed, it has become
apparent that 1t 1s also an important way to store and search
information, not just to transmit 1t. This importance 1is
reflected 1n significant industry attention as evidenced e.g. in

“OracleS8i—The XML Enabled Data Management System,”
by Banerjee, et al. and “XML and DB2.)” by Cheng and Xu.

XML 1s a well-understood subset of SGML (Standard
Generalized Markup Language) that has received significant
attention in recent years as the candidate for a clear standard
representation of semi-structured data. With a growing pro-
portion of electronic business traflic moving to XML, a reli-
able, scalable, efficient storage and retrieval solution 1is
becoming critical.

The need to handle semi-structured data 1s growing in step
with increasing business outsourcing, systems integration,
mergers and acquisitions, and the explosive growth 1n 1nfor-
mation available on the Internet. The new e-commerce era
sets new demands on data and information exchange. Wher-
ever any two non-identical data sources come together, the
choice 1s costly translation and mediation, specific to those
two sources, or an eflective semi-structured search and stor-
age system.

In the past, business data generally had to have a significant
amount of structure 1n order to be stored and searched etfi-
ciently. That 1s not to say semi-structured data 1s in any way a
new 1dea, it was frequently avoided before because 1t can be
expensive and difficult to deal waith.

Within an organization, some designating authority can
specily standard data representations, and all of the data
creators and users expect and understand the canonical data
format. Withun larger organizations, multiple standards may
emerge within departments or divisions, and expensive cus-
tom translators can be built and maintained to transfer data
between organizational units. Between organizations how-
ever, the problem becomes intractable. There are simply too
many formats to deal with.

Traditional storage and querying then happened only at the
organizational level, and often with just a fraction of an orga-
nization’s data. There were significant restrictions on how
this data could be organized, as well, 1f 1t was stored 1n a
commercial database. These restrictions mean that every
object 1n a relation has the same organization, and 1s just as
likely to be over-specified or under-specified, just to fit 1t into
the current mold.

If the data do not have a fixed schema, however, 1t can be
nearly impossible to get good storage and query results from
a relational database. The hitherto known solutions for stor-
ing XML and other semi-structured data typically use rela-
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tional databases and generally require breaking the XML
apart into chunks that can fit into a table, with non-conform-
ing pieces going nto overtlow bins of some sort. For XML
that 1s quite different from current database data, new rela-
tions are created. For each new relation created, search
becomes slower and more difficult.

Even with this approach, intelligent search 1s still often
difficult. The tables are flat structures, 1n rows and columns,
with little obvious indication about the underlying data’s
structure. The data 1n a relation 1s like logs on a woodpile: so
many rows high, so many columns wide. But XML 1s like a
complete tree, with paths and branches and leaves. Imagine
searching the woodpile for the “third branch on the lett, 17
high 1 the tree.” You could do it by piecing the tree back
together from the woodpile, rebuilding the tree until vou
found your answer, then stacking the wood back on the pile
when you were done. This simplified example 1llustrates how
relational databases storing XML data work.

The treatment of both structured and semi-structured data
1s usually by index schemes that have A) uniform key struc-
ture, and B) do not store complete relationships. Because
relational databases break documents apart into tables, some
information 1s no longer explicit in the database and must be
reconstructed for each search. For example, an invoice might
have a fixed set of fields (1.e., “shipping address™ and “billing
address”) that get stored 1n one table, and an arbitrary set of
fields (1.e., the items on the ivoice) that get stored 1n another
table. This 1s frequently done because 1t can save a consider-
able amount of storage space. However, when there 1s a search
that uses one of the relationships that 1s natural part of the
original invoice, but has been split into multiple tables to save
space, an expensive reconstruction (1.e., a “join’”) must occur.
This leads to two significant problems: large index size and
expensive search for structure.

Searching for structure (“path search™) 1s necessary in cer-
tain applications, but prohibitively expensive in relational
databases. Imagine a genealogy database that stores census
records and information about family trees. Each person
would likely be represented as an object 1n a relation, and that
person would have a set of two biological parents. Since the
number of children a person has can vary, the children of a
person are simply not stored in the same record or 1n accor-
dance with another solution a large number of slots are allo-
cated 1n order to accommodate (possibly) many children. In
most cases where a person has an average or less number of
children most of the slots would be empty. The first solution
(not storing children) would be good 1n terms of database
s1ze, since one can tell person A’s children by seeing who has
person A as a parent. The second option (having many mostly
empty children slots) makes searching for chuldren quicker,
but at the expense of disk space (and database size).

Using this genealogy database, try to find “All of George
Washington’s living descendents.” First George Washington
1s found 1n the database, hopefully very quickly, and figure
out who his children were. Then his children’s records are
searched 1n order to find out who their children were. Third
type of search 1s continued, again and again, repeatedly
inspecting data (the tree 1s rebuild from the woodpile). Every
time the next generation 1s encountered, the problem requires
an expensive join, or difficult successive query rewrites. The
resulting living descendents are eventually obtained after sig-
nificant work and many 1/O operations.

With the popular available indexes for relational databases
(e.g. B-trees, hash tables, inverted lists), searching for XML
paths will always be difficult because the document structure
1s lost 1n the translation to relations. Every significant new
document format requires a new relation. And in order to
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search this new type of relation, the database administrator
must come 1n and explicitly create new indexes.

A relational mapping of XML into a database 1s not the
only possibility. It 1s also feasible to map XML data to objects
in an object-oriented (OO) database management system.
There are clear reasons to store and search semi-structured
sources using the relatively ineffective mechanisms available
in relational systems over object-oriented databases 1n many
instances. There are also reasons to favor OO databases over
their relational counterparts.

In choosing an OO solution, there 1s significant overhead
associated with storing the data. First, XML data elements
must be tagged with unique object identifiers (“OIDs™) so that
they can be later found 1n the database. This overhead can
swell the size of the data. This increase 1n si1ze occurs well
before any indexes to aid search are built. Once indexes are
built to aid the search, the OO solution requires even more
space.

Furthermore, OO databases generally use index structures
that are quite suitable for relational systems, and support
relational style queries. B-trees and hash tables and nverted
lists are commonly used to index the data 1n OO databases. As
such, even though the semi-structured data may be stored
casily, querying the data suffers the identical problems of
relational systems. B-trees quickly become quite large and
unwieldy. Hash tables prevent range queries. Data relation-
ships are not captured by the indexes. Thus, OO databases, as
they currently stand, are not an adequate solution for storing
XML data.

As organizations trade increasing amounts of information,
the number of data formats that must be understood grows
unfettered. Existing database solutions do not scale well to
meet this demand. When dealing with semi-structured data, 1t
1s important to be able to map and maintain the relationships
present in the data. Buneman, Fan, and Weinstein note in
“Ouery Optimization for Semi-structured Data using Path
Constraints in a Deterministic Data Model” that paths repre-
sent important semantic clues about semi-structured data. If
these clues are lost or not easily accessible because of the
database and its indexes, the database has failed 1n 1ts tasks.

There are more tasks for an effective database and indexing,
system for searching and storing semi-structured data.
Simple text searches are required of any relational and semi-
structured database. The ability to do path searches 1s an
important additional burden placed on semi-structured data-
bases. A path search 1s especially usetul when the sought type
of data 1s known, but not exactly where it 1s in the database.
For mstance, a query like “find all addresses of all buyers of
all 1voices” 1s a search for the  path
“invoice—buyer—address.” The example of this type of path
1s 1llustrated 1n FIG. 2. In addition to searching for particular
paths, one should be able to search for particular structures
within the semi-structured data, like a complete set of “buyer”
information, which includes the buyer’s name and address.

Finally, since the data 1s semi-structured, and 1ts organiza-
tion 1s not always known, the ability to “browse” the data 1s
also important. When browsing the data, users hop from
clements to children, or back to an element’s parent: it 1s a
way to “wander” through the data 1n a database. Looking
again at the document 1n FIG. 1, once the user 1s at “Invoice,”
she can see that there are “Buyers,” “Sellers,” “Numbers,” and
“Item Lists™ available. The user can then follow one of these
branches, say “Buyer,” to find that “Buyers” have “Name”
and “Address” fields associated with them.

The requisite task set for effectively indexing and search-
ing semi-structured data 1s significantly larger than for struc-
tured data sources. Quite simply, the lack of a schema makes
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the problem much harder than before. Our proposed struc-
tures and technmiques solve the problems and overcome the
new burdens presented by XML and other forms of semi-
structured data.

There 1s accordingly a need 1n the art to provide for a
technique that facilitates encoding of semi-structured data
which facilitates indexing of the data for efficient search.

There 1s another need 1n the art to provide for a technique
of the kind specified that i1s particularly usetul for indexing
and searching Markup Language (ML) data in general and
eXtensible Markup Language 1n particular.

There 1s still another need 1n the art to provide a technique
which facilitates text search, path search, and browsing in
semi-structured data in general and ML data 1n particular.

SUMMARY OF THE INVENTION

In the context of the invention efficient access means the
ability to locate relevant data in a short amount of time or with
only a small number (e.g., several ) disk accesses, even though
the data items stored may number 1n the millions or more, or
even though the total size of the data 1items 1s such that they
cannot all {it in the memory available to the search process.
Efficient access refers to the overall or typical behavior of the
system. In other words, while individual accesses may some-
times be 1nelficient, the access behavior observed over time 1s
eificient.

As 1s well known, semi-structured data includes as an
instance the Makrup Languages. The Markup languages
include numerous instances including but not limited to
LaTeX, TeX, RDF, SVG, SMIL, XCML, XML, XHTML,
SGML, HTML, VRML, DHTML, VML, JAML, QAML,
DML, MRML, SSML, ThML, TDML, OML, CKML,
STML, PHML, CML, DCML, CFML, PGML, MGML,
CellML, AnatML, FieldML, XGMML.

For convenience of explanation only the imvention 1s
described with reference to XML. Those versed 1n the art will
readily appreciate that the invention 1s, likewise, applicable to
other mstances of Markup Language, and more generally to
any semi-structured data.

The invention provides for a method for encoding semi-
structured data, comprising:

a) providing a semi-structured data input;

b) obtaining an encoded semi-structured data by selec-
tively encoding at least part of said semi-structured data
into strings of arbitrary length 1n a way that (1) maintains
non-structural and structural mformation associated
with the semi-structured data, and (i1) the so encoded
semi-structured data can be indexed for efficient access.

The invention further provides for a method for construct-
ing a metadata dictionary in respect of semi-structured data,
comprising;

a) providing a semi-structured data input;

b) constructing a metadata dictionary that facilitates com-
pressed encoding of at least part of said semi-structured
data 1nto strings of arbitrary length 1n a way that at least
maintains non-structural and structural information
associated with the semi-structured data.

Still further, the invention provides for a method for encod-

ing and mdexing semi-structured data, comprising:

a) providing a semi-structured data mput;

b) obtaining an encoded semi-structured data by selec-
tively encoding at least part of said semi-structured data
into strings of arbitrary length 1n a way that (1) maintains
non-structural and structural imformation associated
with the semi-structured data:
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¢) indexing the encoded semi-structured data using layered
index; the layered index includes basic partitioned index
structure; said layered index maintains a balanced struc-
ture of blocks.

The mvention further provides for a method for encoding

and indexing Markup Language (ML) data, comprising:

a) providing an ML data input;

b) obtaining an encoded ML data by selectively encoding
at least part of said ML data into strings of arbitrary
length 1n a way that (1) maintains non-structural and

structural information associated with the semi-struc-
tured data;

¢) indexing the encoded semi-structured data using layered
index; the layered index includes basic partitioned index
structure; said layered index maintains a balanced struc-
ture of blocks.

Yet turther, the invention provides for a method for encod-

ing and imndexing semi-structured data, comprising:

a) providing a semi-structured data input;

b) selectively encoding at least part of said semi-structured
data into keys of arbitrary length 1n a way that (1) main-
tains non-structural and structural information associ-
ated with the semi-structured data;

¢) creating a balanced 1index structure over the arbitrary-
length keys.

The invention further provides for a method for indexing

semi-structured data, comprising:

(a) providing a semi-structured data input that include data
items:

(b) indexing keys of the data 1tems of the said semi-struc-
tured data such that with about no more than 25,000
bytes of internal memory per 1 million data items 1t 1s
possible to locate an address of any such said data item
with no more than 2 1I/Os, irrespective of the size of the
key.

The mvention provides for a method for indexing markup

language (ML) data, comprising:

(a) providing an ML data input that include data items;

(b)1ndexing keys of the data items of the said ML data such
that with about no more than 25,000 bytes of internal
memory per 1 million data 1tems 1t 1s possible to locate
an address of any such said data 1item with no more than
2 1/Os, 1rrespective of the size of the key.

A system for encoding semi-structured data, comprising:

storage for storing a semi-structured data mput;

processor node configured to construct an encoded semi-
structured data by selectively encoding at least part of said
semi-structured data into strings of arbitrary length in a way
that (1) maintains non-structural and structural information
associated with the semi-structured data, and (11) the so
encoded semi-structured data can be indexed for efficient
access.

The mvention provides for a system for encoding and

indexing semi-structured data, comprising:

storage for storing a semi-structured data input;

processor node configured to construct an encoded semi-

structured data by selectively encoding at least part of said
semi-structured data into strings of arbitrary length in a way
that (1) maintains non-structural and structural information
assoclated with the semi-structured data;

processor node configured to construct an indexing of the

encoded semi-structured data using layered index; the lay-
ered index includes basic partitioned 1index structure; said
layered index maintains a balanced structure of blocks.

The mvention further provides for a system for encoding

and indexing Markup Language (ML) data, comprising:
storage for storing an ML data input;

processor node configured to construct an encoded ML

data by selectively encoding at least part of said ML data into
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strings of arbitrary length in a way that (1) maintains non-
structural and structural information associated with the
semi-structured data;

processor node configured to construct an indexing of the
encoded semi-structured data using layered index; the lay-
ered index includes basic partitioned index structure; said
layered index maintains a balanced structure of blocks.

Yet turther, the invention provides for a system for encod-
ing and mdexing semi-structured data, comprising:

storage for storing a semi-structured data mput;

processor node configured to selectively encoding at least
part of said semi-structured data into keys of arbitrary length
in a way that (1) maintains non-structural and structural infor-
mation associated with the semi-structured data;

processor node configured to creating a balanced index
structure over the arbitrary-length keys.

The 1nvention provides for a storage medium storing data
indicative of encoded semi-structured data that includes
strings of arbitrary length that (1) maintains non-structural
and structural information associated with the semi-struc-
tured data, and (11) the so encoded semi-structured data can be
indexed for efficient access.

The invention further provides for 1n a computer system
having a storage medium of at least an internal memory and
an external memory;

a data structure that includes an index over the keys of the
data items; the index 1s arranged in blocks, such that with
about no more than 25,000 bytes of internal memory per 1
million data items 1t 1s possible to locate an address of any
such said data item with no more than 2 I/Os access to the
external memory, 1rrespective of the size of the key.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding, the invention will now be
described, by way of example only, with reference to the
accompanying drawings, 1n which:

FIG. 1 1illustrates an example XML document;

FIG. 2 1s an intermediate tree representation of the XML
document of FIG. 1, 1n accordance with the prior art;

FIG. 3 1s an intermediate tree representation of the XML
document of FIG. 1, where tags and attributes are replaced by
tokens, 1n accordance with a preferred embodiment of the
invention;

FIG. 4 1llustrates an exemplary token dictionary that 1s
utilized 1n the process of encoding strings of arbitrary length,
in accordance with a preferred embodiment of the invention;

FIG. 5 1s an intermediate tree representation of FI1G. 3 with
a special token for preserving ordinal information, 1n accor-
dance with an example of a preferred embodiment of the
invention;

FIG. 6 illustrates the resulting encoded strings of arbitrary
length 1n accordance with an example of a preferred embodi-
ment of the invention;

FI1G. 7 1llustrates the mapping result of the XML document
of FIG. 1 into designated data records 1n accordance with a
specific embodiment of the mnvention;

FIG. 8 illustrates a Patricia structure over designated
records 1n accordance with a specific embodiment of the
imnvention;

FIG. 9 illustrates the result of implicitly maintaining the
designators 1n the index structure of FIG. 8;

FIG. 10 illustrates the structure of FIG. 9, partitioned 1nto
blocks with an additional representative index;
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FIG. 11 exemplifies an alternative path (Smart Path) to data
records representing specific parts (names) in the original

XML document of FIG. 1, 1n accordance with one embodi-
ment of the invention;

FIG. 12 illustrates schematically a Shortcut Path Optimi-
zation 1n accordance with one preferred embodiment of the
invention; and

FIG. 13 1llustrates a typical yet not exclusive example of a
computer system 1n accordance with one embodiment of the
invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

XML documents are tree structures, with both sibling and

parent-child relationships. Child nodes represent subordinate
relationships. Parent-child relationships (aka “subordinate™)
are 1llustrated in the XML data (10—referred to also as XML
document) of FIG. 1. The Name tag and Address tag are the
children of Buyer tag; the Name tag and Address tag are also
siblings. Iteml st 1s the parent of three Item children and, as
shown, Item tags are “subordinated to” the ItemlList tag. The
code of FIG. 1 will serve as an example for explaining the
underlying concepts of the invention.
The sample XML document 1n FIG. 1 represents atree. The
corresponding intermediate tree (20) 1s illustrated 1n FIG. 2.
tags (e.g. Buyer, Sellerand Number 21 to 23, respectively) are
stored 1n boxes with solid outlines, attributes (e.g. Count,
Discount 24 and 25, respectively) are stored 1n octagons, and
data 1items associated with tags (“labels” such as ABC Corp.
and 123 Industry Way, 26 and 27, respectively) are stored 1n
boxes with dashed outlines. FIG. 2 shows all XML attributes
as equivalent. The attributes and their associated properties
will be discussed later in the document.

The intermediate tree (20) 1n FIG. 2 1s built from the XML
document (10) i FIG. 1, by performing the following steps:

1. All tags are represented as solid boxes, with their tag

name appearing in the box.

2. All text data appearing within a tag appears as a child,

and 1s surrounded with a dashed box.

3. All attributes of a tag appear 1n a solid hexagon.

4. All nested tags are represented as children. For each

child of a tag, steps 1-3 are repeated for the child.

In accordance with the invention, a metadata dictionary 1s
built. In the following a specific embodiment thereot, a token
dictionary 1s described. The invention 1s not bound by this
specific example of metadata dictionary.

In accordance with this preferred embodiment, tokens are
used to encode XML components such as, in a preferred
embodiment, tags and attributes. By this preferred embodi-
ment a token dictionary 1s a collection of tags and attributes
and their associated tokens. By a simplified analogy, 1n an
English Dictionary, words are defined by their entries and the
token dictionary tags are defined by their entries. Each tag
type indexed corresponds to one or more tokens in the token
dictionary. The same applies to attributes.

As will be shown later, the token dictionary enables not
only the encoding of the XML data elements into strings, but
also provides a first level of compression 1n that the so
encoded strings will be shorter than their counterpart XML
clements.

Next, as a preparatory step for the subsequent indexing, the
intermediate tree structure of FI1G. 2 1s mapped to a tree where
tags and attributes are replaced by tokens, using, to this end,
the token dictionary.

Thus, as a first stage the document (or part of the document)
1s 1spected to make note of the tag types that appear in the
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document. During the document encoding process, XML tags
are replaced with tokens. Tokens are a short pattern that
represents the tag. For istance, the tag type Invoice can be
represented as the much shorter tag A. The token B could
represent the tag Buyer. Seller could be token C, Number
could be D, and so on. The short representation facilitates the
compression discussed above.

Before assigning a new token to a tag type, reference 1s
made to a token dictionary. This token dictionary works for
illustrative purposes like a typical English dictionary 1n that 1t
stores words and their meanings. By this preferred embodi-
ment the token dictionary stores tags and their tokens. Some
words 1n the token dictionary, just like English words, may
have multiple meanings. This overloading of entries in the
token dictionary serves an important purpose, especially in
relationship to XML attributes.

Attributes are part of tags, but not part of a tag’s label and
not a proper child. Like a child, however, attributes are sub-
ordinated to their parent tag. However, this fact alone does not
demand special treatment when indexing. When considering
Indexing (as will be discussed 1n more detail below) problems
may arise when attributes have the same name as tags. For
instance, this 1s an XML tag where the tag type (name) and
attribute type (name) are identical:

<name name="partOfAttribute”>partOf Tag</name=>

To avoid confusion when searching an XML document, the
token dictionary, by this embodiment, would contain two
entries for “name,” one for when it 1s used as a tag type, and
one for when it 1s used as an attribute type. This 1n certain
respects 1s similar to an English dictionary that has multiple
entries for words that can be used as different parts of speech.

In accordance with another preferred embodiment this idea
can be further extended to semantic distinctions. Users could
attach different meanings to like terms in the token dictionary.
Such semantic distinctions that are itroduced to the dictio-
nary can be utilized by semantic reasoning engines (which do
not form part of the invention) 1in order to determine the
semantic meaning of the specified terms (e.g., for determin-
ing that the tag Jaguar 1s referencing a type of car and not a
type of feline). Of course, the default, automated behavior of
the token dictionary only distinguishes between tags and
attributes and does not provide the pertinent semantic analy-
s1s. However, without the token dictionary, this sort of tagging
1s not practical. Even with structural annotations, relational
indexes such as inverted lists do not support this 1dea.

There are potentially numerous representations of the
token dictionary that would be created for the XML document
(10) shown 1n FIG. 1 (and the corresponding intermediate tree
(20) shown 1n FI1G. 2). One such representation (30) 1s shown
in FIG. 4. This token dictionary has a single entry for each
XML tag or attribute. For example, the entry for “Invoice™ in
the dictionary corresponds to the token “A.” These mappings
are used to generate the sample XML tree seen 1n FIG. 3.

The construction of the Token dictionary (40) of FIG. 4
involves by one embodiment the following steps: each tag or
attribute 1s assigned with a token from the dictionary. It a tag
type does not appear 1n the dictionary, a new token 1s created.
After replacing all tags and attributes with tokens from the
token dictionary, the XML intermediate tree (30) looks like
FIG. 3. It may seem that the tree 1 FIG. 3 1s not the same as
the tree FIG. 2. The difference comes when the attributes are
turned into token/label pairs.

In the tree (30) of FIG. 3, tokens have replaced the tag and
attribute types. Once the tokens have replaced the tag and
attribute types, the new document i1s almost ready to be
indexed. The only remaining caveat 1s the notion of order
among document siblings.
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In accordance with one embodiment, the entire process that
transforms the XML tree representation (20) in FIG. 2 into the
XML tree representation (30) in FIG. 3 can be summarized as
follows:

1. All attributes (e.g. Count, Discount 24 and 25, respec-
tively) are changed from octagons to solid boxes that
contain the attribute name with a subordinate dashed
child box that contains the attribute value.

2. All values 1n solid boxes (e.g. Buyer, Seller and Number
21 to 23, respectively) are replaced with the appropriate
tokens from the token dictionary.

Note that this entire encoding process (1.e. from the XML
of FIG. 1 to the tree representations of FIGS. 2 and 3) 1s
automated and not necessarily visible to human operators. It
should be further noted that the process does not have to be
completed to this level of detail, e.g. with varying boxes and
line styles to represent the different parts of an XML docu-
ment. This level of detail 1s shown for clarity of explanation.
In general, the mput XML document 1s represented as tree
structure with tags and attributes replaced by tokens. The
resulting data structure can be stored and indexed, as will be
explained 1n greater detail below.

Betore proceeding further to describe the remaining step of
creating the encoded strings of arbitrary length, there follows
a short discussion about the notion of sibling order. The 1dea
of “order” (ordinal information) 1s very important for some
documents, and not at all for others. For example, 1n research
papers, the “first author” 1s generally credited with the lion’s
share of the project effort. On the other hand, given a grocery
receipt on which “carrots™ appear before “corn,” order carries
little sigmificance.

Thus, 1n accordance with a preferred embodiment of the
invention, sibling order 1s represented through a special appli-
cation of tokens. Other approaches annotate objects (data
items ) with their “ordinal number” or use explicit pointers of
some sort for object chaiming. This heavy handed approach
requires that the index structure 1s aware of order, and deals
with order 1n a different manner from other properties. This
increases the complexity of the storage mechanism, but does
not lend any unique advantage. The main problem with these
other approaches 1s that they impose restrictions on the index-
ing and storage mechanisms. A generalized representation
should not be restricted to specific implementations. As will
be explained below, a better approach is to use the explicit
sibling order in the document as an 1mplicit tag.

In accordance with this specific embodiment, there 1s a
special token (say, “O” (51) 1n FI1G. 5 below) in the dictionary
that 1s never used to represent an explicit tag type or an
attribute type. This token 1s only used to represent sibling
order. In FIG. 1 there are three Items: widget, thingy, and
jobber (1n that order). In a general data structure, such as a trie
or the Layered Index, objects are ordered lexicographically.
In this case, the trie or the Layered Index would store the
objects 1n the following order: jobber, thingy, widget. This 1s
the precise opposite of the order these objects appeared 1in the
original document: widget, thingy, jobber. To solve this prob-
lem, without imposing a restriction on the search and storage
mechanism, the sibling order 1s represented as 1ts own token
(0).

FIG. 5 shows where a special token would be leveraged to
preserve order. The O tag (51) represents a token that did not
explicitly exist in the orniginal document, even though the
order was explicitly present (in other words, the order of
widget, thingy, and jobber 1s evident from the original docu-
ment). The edges (52, 53 and 54) of the O tag are labeled (say,
with ordinal number in ascending order that corresponds to
the ordered 1tems widget, thingy, and jobber, respectively)
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and thereafter indexed. Whereas with the “O” token explicit
sibling order 1s represented, the 1nvention 1s not bound by this
specific form of order. Accordingly, 11 desired a different
token (not shown) can represent non-explicit sibling order,
say the reverse order (e.g. jobber, thingy, widget).

The method described above 1s quite effective at support-
ing arbitrary queries, where users do not even need to know
the data types present in the database before starting a search.
In cases where there 1s foreknowledge about the queries that
will be run over the database, even better performance can be
achieved.

Thus, in accordance with a modified embodiment an
encoding scheme (referred to as the “smart path™) 1s 1mple-
mented. By this approach, when there are 1dentifiable queries
that appear more frequently than others, or some set of que-
ries that represent all possible queries for a given data set,
there 1s no need to store the full set of details and 1n particular
the tull path that corresponds to the specified query. Hence,
instead of indexing the full (raw) paths, the corresponding
(short) smart paths are indexed. The short path (rather than the
explicit original path) 1s, thus, non-explicit. If addition, or
alternatively, smart paths may include paths that are com-
pletely non-existent in the original data.

For example, consider the invoice document shown 1n FIG.
1. Ifusers will never look for the “Invoice—Seller” path, there
1s no reason to encode and index that path. This might be the
case when the only 1nvoices appearing 1n a department’s
database have that department as the “Seller.”” Regardless of
the reason, there are times when only parts of the data set are
interesting to potential users.

Assume that one important query type simply looks for
items sold, without regard to buyer, seller, invoice number,
etc. This type of query might be important to a group per-
forming an mventory analysis. Based on the paths in FIG. 2,
the interesting path 1s “Invoice—=ItemList—=Item.” In most
known 1indexing schemes this path represents three steps in
the index.

In accordance with the present modified embodiment,
instead of indexing the path “Invoice—ItemList—=Item” (ex-
plicit in the document) to 1dentily an “Item” in the database,
a “smart” path (non-explicit) called “Smartltem™ (or any
name) 1s indexed. At the end of the “Smartltem™ paths would
be the same data that was at the end of the original
“Invoice—ItemList—Item paths.” Of course, the descriptive
name “Smartltem” would be replaced by an entry from the
designator dictionary, say “X.” When performing the lookup
tor “Invoice” in the token dictionary, all smart paths that begin
with “Invoice” are found.

Using smart path indexing can save considerable space 1n
the index (if 1t replaces the original raw index). It 1s important
to note that smart path indexes do not influence the storage of
the original data. Techniques that do not alter the original data
are certainly preferred to those that affect the data. By leaving
the original data pristine, multiple indexes can be built (in-
cluding, 11 desired, multiple paths that lead to the same data
item), or data can be used for other tasks, all without transla-
tion back into the original format. Additionally, it requires
less effort 11 an index can be built without costly data trans-
formations.

Smart paths are but one additional way to leverage the
proposed techniques to provide enhanced performance under
specific conditions. By coupling the token dictionary with
techniques designed to capture the relationships inherent in
semi-structured data, many indexing possibilities arise. When
using one of these alternate encoding methods, like smart
paths, the index always achieves better performance than a
tull index (as discussed 1n detail above), but can only support
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a portion of the space of possible queries. This tradeotl can be
used to achieve an optimal balance somewhere 1n between the
basic implementation (useful to ad hoc and less frequent
queries) and smart paths (usetul to pre-defined and frequently
asked queries), or can even be used to couple different
approaches 1n tandem. There 1s no limit to the encoding
technique, only certain practical limits imposed by the avail-
able hardware of the day.

The various preferred embodiments described above are
only istances of the more general concept of representing
semi-structured data as data strings of arbitrary length. In
accordance with the proposed approach, the encoding tech-
nique can represent semi-structured data as string iforma-
tion, where some of the information comes directly from the
original data and some of the information comes from the
token dictionary. As will be shown 1n greater detail below,
indexes can be built using those strings, and those indexes can
achieve much better performance than traditional indexes.
The encoding maintains the structural (specific examples are
the path information and sibling order information) and non-
structural information.

In this context, the term “structural,” as used 1n the phrase
“structural information,” refers to how objects or data 1tems
are related to one another. There are many properties and
relationships that fall into the category of “structural.” Rela-
tionships between objects, such as parent-child relationships,
are structural information. Element ordering among sibling
objects 1s also structural. Paths formed by relationships
between multiple objects are also structural. These examples
give an 1indication of what composes structural information.
In terms of XML data specifically, structural components
include markup (“tags™), properties (“attributes™), and rela-
tionships such as element nesting and sibling ordering, as
well as paths formed by such relationships.

Non-structural: “Non-structural” 1s easily defined 1n terms
of 1its counterpart, “structural.” “Objects” or “data” generally
represent non-structural mformation. Objects are related in
certain ways, and their relationships combine with the objects
themselves to form complete documents. In terms of XML
data specifically, non-structural components include the con-
tent that appears between the markup tags.

In a string encoding of XML, concatenating strings cap-
tures 1.a. parent-child relationships. Using the data in the
Token dictionary of FIG. 4, one possible conversion of the
XML 1nto strings of arbitrary length i1s shown 1n FIG. 6.

To generate the contents (60) of FIG. 6, all the paths from
the root of the XML tree (shown 1n FIG. 3) are written 1n the
“XML path” column. Then, the arrows from parents to chil-
dren are erased, and the resulting strings are written at the
corresponding locations 1n the “XML path string” column.

This 1s but one possible representation of the XML as
strings. There are many different possibilities. For instance, 1n
accordance with one preferred embodiment when the XML
has labels at many levels in the tree, not just at the leaves, the
tokens (as 1 FIG. 6) may be prefixed. In accordance with
another preferred embodiment an infix notation 1s used, dis-
tributing the tokens among the labels in the strings. By
another preferred embodiment that handles arbitrary collec-
tions of strings efficiently, both approaches (infix and prefix
string encoding) have distinct advantages.

In those embodiments 1n which element ordering 1s signifi-
cant, the solution that provides storage of ordinal information
(discussed above, e.g. using the O token) can be used. If
desired, the use of the order sensitive solution (e.g. with the O
designator) to represent order can be the default behavior of
the index. It should be noted, however, that there are data sets
for which 1t provides no benefit. It appears, thus, that the
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database administrator 1s the best arbiter for the decision to
store ordinal information 1n the index.

The string of arbitrary length maintains the structural infor-
mation including the path (explicit and non-explicit, say, in
the case of smart paths).

Whereas the string of arbitrary length (see, e.g. the strings
entries 62 and 63, being of different length) are 1n compressed
form (since the original longer tags and tokens were encoded
by shorter tokens), this 1s not necessarily always the case and
thus other encodings that do notnecessarily achieve compres-
sion may be used, depending upon the particular application.

It should, likewise, be noted that whereas the description
aboveillustrated the encoding through the use of intermediate
trees (FIGS. 2 and 3), the invention 1s by no means bound by
this specific route, and other implementations that receive as
an mput an XML data or representation thereof and encode 1t
(or part thereot) 1into strings of arbitrary length are applicable.

Having encoded the data 1t can now be indexed to facilitate
elficient access. The access will enable 1.a. content based
access and structure-based access to thereby afiord searching
browsing and other operations.

There follows now a description for a specific embodiment

of indexing utilizing a designated index, preferably a layered
index. Layered index and designated index are discussed 1n
detail in U.S. Pat. No. 6,175,835.

The Layered Index structure 1s particularly well suited to
indexing and searching XML. Coupling our techniques for
tokenizing XML with the Layered Index structure vyields
performance results and system properties not attainable in
other implementations.

Since the Layered Index 1s an index, and not a complete
DBMS mmplementation, 1t can exist above standard imple-
mentations and provide enhanced query performance. At the
same time, the Layered Index can leverage the facilities pro-
vided by the database below 1t. For example, there 1s a system
called STORED (Semi-structured TO Relational Data) that
discovers ways to bulk load semi-structured data into a rela-
tional database 1n an eflicient manner (see: “Storing Semi-
structured Data with STORED,” by Deutsch, et al.). The
STORED system 1s very good for an a prion load analysis,
and generates relations that are designed for good pertor-
mance under various conditions (such as a given query mix or
an allowable amount of wasted space). The Layered Index
can sit atop a relational system like STORED, leverage 1ts
myriad strengths, and simultaneously overcome many of its
shortcomings because of its relational nature.

The Layered Index can be browsed, searched by structure,
and has other advantages that a relational system like
STORED does not supply. Additionally, the Layered Index
fits 1n main memory for millions of objects, and usually
requires only one I/0 to search and update within billions of
objects. This 1s a clear performance gain that i1s not
approached by relational systems. By coupling the two, the
Layered Index gains from the database beneath 1t, while the
database gains from the Layered Index. For XML, the per-
formance gains from the Layered Index are substantial.

This decoupling of the index from the primary storage
system means that deficiencies 1n the storage system can also
be overcome at the index layer, before penalties are paid at the
data storage layer. For example, STORED remains efficient at
some points by storing nonconforming data items 1n “over-
flow buckets.” These buckets are expensive to search 1n the
storage layer, but are used because they can save significant
space, or reduce the number of required tables. By tokenizing
the XML and indexing 1t with the Layered Index, the com-
plete structure of the XML forced into overtlow buckets by
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STORED still appears 1n the index and thus, can be searched
eificiently. No information 1s lost because of the storage
mechanism.

Another advantage of this decoupling 1s that the Layered
Index can grow arbitrarily without suffering performance
penalties present 1n the storage system below 1t. STORED 1s

an elfective mechanism for pushing semi-structured data into
a relational database because 1t can see all the XML data at
load time. What happens when new data i1s added to a
STORED database that does not conform to the data mitial
used to construct the database? The advantages of using
STORED are incrementally diminished with each new non-
conforming XML document. The Layered Index suffers no
such penalty. In fact, as the population of XML documents
increases, the PATRICIA structure at the foundation of the
Layered Index becomes more accurate.

In relational systems, there 1s a trade-oil between effective
indexing and efficient storage size, which 1s a tradeoll the

Layered Index does not have to make. Since the Layered
Index stores (by one embodiment) PATRICIAs that are a
structure Tundamentally related to an XML tree, the precise
amount of information needed for complete indexing 1is
stored. With a relational table, sparse data 1s fundamentally
wastetul to store (because of null values); this 1s not the case
in the Layered Index. With a relational table, dense data 1s
fundamentally wastetul to index (because complete keys are
indexed); this 1s not the case 1n the Layered Index.

Finally, there are advantages to indexing XML with the
Layered Index that cannot be realized 1n any complete-key
indexing scheme or 1n a relational database that explicitly
stores complete documents. The underlying PATRICIA com-
presses the keys 1n the Layered Index, such that very little
space 1s required to index a document. The Layered Index can
index an arbitrary length key in a new XML document with
only a single symbol from that key. This means the Layered
Index can be maintained 1n main memory for millions of
objects when those objects are XML. Complete key indexes,
such as B-trees, grow not only with the number of objects
indexed, but with the size of the index keys as well. With
arbitrary XML documents, B-tree performance cannot be
bound (or even estimated) 1n any reasonable way.

Turning now to a specific example of indexing using a
layered index, U.S. Pat. No. 6,175,835, highlighted the usage
of designators (page 25 of the patent) and subordination of
data records to describe the data elements and their relation-
ships.

By one embodiment of that patent exemplified in FIG. 13E
two data records designated B (812 and 820 1n the drawing)
and one record designated D (824) are subordinated to data
record designated A (806). A designated index allowed search
over designated data records. Another embodiment deals with
the creation of a layered 1index to allow efficient search. An
example of such 1s shown 1n FIG. 7H of that patent.

The usage of designated data and subordination relation-
ships for semi-structured data can be exemplified by a) using
a set of rules and or knowledge and or formula to map the
semi-structured data to designated data records where each
such designated record can be a subordinated record; b) com-
bining the designated records into strings that can represent
structural and non-structural information that 1s either
explicit or not explicit in the original data item; and ¢) creating
a designated index 1n which part or all of each string is treated
as a key, thereby enabling search over this set of designated
records. In a preferred embodiment such index would be a
layered index. The designated records being an example of
data items.
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To exemplily step a) of the above, FIG. 7 shows the map-
ping of the XML document of FIG. 1 to designated data
records (70). These records must be long enough to contain
the designator and the associated information and may further
be padded with extra space. To create the designated records,
cach tag and attribute that appears 1n the original document 1s
replaced by a designator obtained from the token dictionary
of FIG. 4. For tags, the created record contains the concat-
enation of the designator with the data that 1s associated with
the tag. In the example of FIG. 7, the seller’s <Address> was
mapped to a record designated G appended with the data “17
Business Circle” (74). 11 the tag has no associated data, then
a unique 1dentifier 1s created and appended to the designator.
For example, 1n FIG. 7, the tag Invoice was mapped to des-
ignator A (71) and appended with the identifier 001 (72) since
the tag <invoice> 1n the XML document had no associated
data. For attributes, the designated record 1s constructed by
concatenating the designator and the attribute value (with
additional optional padding). In FIG. 7, the attribute—dis-
count—was mapped to a record designated J (75) with a key
that includes the discount value (0.10) (76).

The parent-child relationships among tags and between
attributes and the tags that contain them are represented by the
subordination of the corresponding designated records. The
subordination 1s derived from the hierarchical nature of the
XML—in FIG. 7 for example, since <buyer> 1s a child of
<invoice> the record designated B (77) 1s subordinated to the
record designated A (71).

In step b), the designated records are encoded 1nto strings
of arbitrary length based on the subordination relationships or
other relationships. For example, some strings that would be
created from the records in FIG. 7 include, the string
“A001+”, “A001+B002+”, and “A001+B002+FABC
Corp.+”, where the “+” signs represent spaces to pad each
component (to a length of 100 characters). It 1s important to
note that the padding to 100 characters 1s just one example, as
the strings created by the mapping can be of arbitrary (possi-
bly different) lengths.

The next step of the encoding concerns the msertion of the
strings 1nto an index. FIG. 8 shows a specific case of Patricia
structure (80) over the strings obtained from the designated
records of FIG. 7 in an embodiment similar to the embodi-
ment of FIG. 13E of the above U.S. Pat. No. 6,175,835.

A Patricia structure 1s an index structure dertved from a trie
such that only nodes that have at least two children are main-
tained. Since the nodes with one child are compressed the
nodes 1 a Patricia includes the differentiate key position.
Because of that compression, the size of the Patricia structure
might be less than the aggregate size of the keys addressed by
the Patricia. For a more detailed discussion on Patricia struc-
ture see Donald E. Knuth, The Art of Computer Program-
ming, Volume 3/Sorting and Searching, page 490-499. In F1G.
8, the dark circles and dark lines represent the Patricia nodes
and links.

In the example of FIG. 8, nodes address byte offsets (shown
as a number within each circle), the size of the designator 1s
assumed to be 1 byte, and therest of the record’s key fields are
padded to 100 bytes as described above.

For example, the root node (81) maintains the value 100
that relates to the designator position of records B, C, D and
E (82 to 85, respectively) all of them subordinated to the same
A record 86. The leftmost node with the value 200 (87) relates
to the designator position of records F and G ((88) and (89)
respectively) that are subordinated to record designated B
(82) with the key value of B002.

The arrows such as from record B002 to A001 maintain the
hierarchical relationship between the records with the strings
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generated 1n step b. These links can exist in one embodiment
as physical link from a child record to 1ts parent record.

A similar example 1s shown as links 826, 828 and 830 1n
FIG. 13E of the above U.S. Pat. No. 6,175,835. FIG. 13D of
the above patent exemplifies another embodiment 1n which
cach designated record (such as records 812, 820 and 824)

physically includes (at least) the hierarchical key.

FIG. 9 presents the result of implicitly maintaining the
designators in the imndex structure of FIG. 8. The resulting
structure deviates from a Patricia structure in that the struc-
ture of FIG. 9 (90) includes nodes with only one child. The
(non-straight) arrowed links from a child record to 1ts parent
(such as 1n FIG. 8) are not shown for convenience. An alter-
native link from a node with a value that relates to a designator
position 1n the key to the parent record was added as a straight
arrow.

It can be easily seen that the size representing a key 1n this
Patricia structure 1s smaller than the original key size. The key
for the buyer name once mapped to the designated record F 1s
a concatenated key that includes the mmvoice and the buyer

thus being A001+B002+FABC Corp. While this key 1s 300

bytes long, the space needed to represent this key and its
hierarchy 1n the Patricia structure of FIG. 9 will typically be

much less. This space imncludes at most, the root node (91)
with the value O, the link labeled A (92) from that root to the

child node having the value 100 (93), the link with the value
B (94) from that node and its child node with the value 200
(95) and the link labeled F (96) from that leat node to the data

record FABC Corp (97). In a specific embodiment, anode and
the links between nodes can be represented by 2 bytes each
and a link to data record by 4 bytes, the 3 nodes and 3 links
with extra overhead would take only 20 bytes which are less
than 10% of the size of the keys making up the path.

The structure of FIG. 8 and the structure of FIG. 9 could
both be made 1nto a basic partitioned index. Since the unbal-

anced nature of the tree a layered index can be formed 1n a
way described in U.S. Pat. No. 6,175,835.

FIG. 10 shows the structure of FIG. 9 as a basic partitioned
index ((101) in layer I,, and an additional index layer (102
layer I, ) over the representative keys of the blocks of the layer

I, constituting a representative index (the data records and the
links to the data records are omitted for convenience).

Once a representative mdex 1s formed the search to the
designated data records would start at layer I, (102) (and 1n
the general case at layer I, where I, 1s the root index) to reach
the block at I, (101) that 1s associated with the record whose
key 1s searched. This would be done 1n a balanced manner (the
additional I, to I, layers constitute a balanced structure of
blocks) all as explained 1n the above patent.

In order to calculate how much memory 1s needed to main-
tain the non-leat blocks of the layered index (the representa-
tive index) we will assume that every new key that 1s added to
a Patricia structure (in I, (101)) adds about 10 bytes to the size
of the Patricia (4 bytes to maintain the physical address, 1 byte
for the label and some overhead).

Assuming that every block 1s 8K bytes 1n size and on the
average about 70% full, about 3560 elements can be repre-
sented by a single block (8000x0.7/10). One million elements
would be represented by about 1786 blocks. The representa-
tive index would index the representative keys of the 1786
blocks with again about 3560 elements per block thus with
about 3 blocks of 8K bytes each (about 24K bytes of
memory). Thus approximating—ifor representing additional
about 1 million elements 1n the index, about 23K bytes of
internal memory are needed 1n order to maintain the addi-




US 8,065,308 B2

21

tional non-leat blocks in the internal memory. This, of course,
1s only an example and the invention 1s by no means bound by
this example.

FIG. 11 exemplifies an alternative path (Smart Path) to data
records representing names 1n the original XML document of
FIG. 1 (1.e. [F ABC Corp.] and [F Goods Inc.]) Rather than
tollowing the document structure (for example: by the key
“A001+B002+FABC Corp.+”) 1t 1s possible to search by the
key “FABC Corp.+” since the key represented by the Smart
Path 1s of the designator F followed by name (the path of the
nodes and links—110, 117, 118, 119 to data record 116 rather
than 110, 111, 112, 113, 114 and 115 to data record 116).
Obviously i1 the information available for the search 1s only of
the company name, this search would be more efficient than
the search that follows the document structure.

Obviously other alternative path and Smart Paths are pos-
sible. Alternative paths can lead also to permutation records
such as for example the one shown 1n FIG. 14 of U.S. Pat. No.
6,175,835.

With a layered index, the search through the unbalanced
structure of the basic partitioned 1index structure is replaced
by an essentially balanced search. This 1s the result of adding,
the additional representative mndex to form a balanced struc-
ture of blocks (the layered index). Since an index with three
layers can address billions of data items (regardless of the size
of the key) and the footprint of the first two layers 1s very
small and could be maintained 1n the internal memory. This
index 1s considered to be more etficient than alternatives that
do not have both of the properties: (a) are balanced or (b) the
growth of the index does not depend on the size of the key.

An additional (c) property that further improves the efli-
ciency 1s the linkage between subordinate items. In FIG. 8, if
a search leads to the designated record “FABCCorp™ (by the
original structure or by a smart-path), its parents (the relevant
B and A records) can be reached directly (by the arrowed
link). In alternative approaches to (c), a search 1n a separate
index might be needed.

An index such as i FIG. 8 supports browsing—ior
example, from the root node, a user would see the optional
alternative links to the Buyer, Seller, Number, and ItemList
(by looking at the token dictionary for the meaning of B, C, D
& E respectively), and can then decide on the path to follow.

Enabling the advantages of a smaller size, potentially short
search paths, and balance makes the layered index considered
(among others indexes) to be more efficient than schemes that
address only some of the advantages. The proposed encoding
and indexing (1n particular for the layered index embodiment)
has many advantages. It 1s a “umiversal index,” in that 1t can be
used for any XML data. It 1s a “flexible index,” 1n that 1t can
be simultaneously tuned for multiple access paths. It 1s a
“small index,” 1n that 1t 1s generally orders of magnitude
smaller than data over which the index 1s built. It 1s a “fast
index,” 1n that most or all of 1t can reside 1n main memory, and
may require a single I/0O to address billions of data objects. In
addition to these performance metrics for semi-structured
sources, 1t still maintains excellent performance over simpler
“relational” data sets. It should be noted that an index 1s a
uselul structure because it eventually points to some 1nfor-
mation beyond itself. Frequently, index types are determined
by the actual data that the index eventually points to. Tradi-
tionally, relational data 1s indexed by structures such as
Btrees, hash tables, and inverted lists because these indexes
work well with relational data. Object oriented databases tend
to use some of these structures, but also lean heavily on very
object oriented indexes, such as DataGuides and path dictio-
naries. The Layered Index approach 1s not restricted by the
underlying data, or how that data 1s managed. The index we
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construct can easily lead users to fully structured data
sources, like relational databases, or to semi-structured data
sources, like object-oriented databases. This index 1s not con-
strained by the data below, and thus provides a uniform
mechanism to access multiple data types simultaneously.

There follows now a short discussion 1n connection with
improvement. Thus, after converting tags and attributes into
their token representations, several opportunities for
improvement are presented that are not readily realizable 1n
the native representation. First, the index can store new com-
pressed non-explicit paths that are not present in the original
document. The token encoding and use of the token dictio-
nary means that we can leverage this ability for path com-
pression without restricting the implementation. In FIG. 3,
there are paths like A—=C—=F (which 1s the path
Invoice—Seller—=Name seen 1n FIG. 2). If A—=C—F 15 a
commonly searched path, the database admimistrator can
make the decision to create a new token, say “M,” that has the
same meaning as A—C—F (whilst optionally retaining also
the original path information). This effectively creates a
shortcut so that fewer paths have to be searched (only the M
branch, not the entire A—C—F path). There 1s an additional
savings that presents itself when similar documents are
indexed, or when there are siblings that do not share the same
tag. In FIG. 3 there 1s one A—C—F path, but there 1s also an
A—C—G path. With the M token representing A—C—F
paths, a partially correct path like A—C—G never has to be
checked. This 1s a two-1old savings from this path compres-
s1on using the token dictionary.

There are other opportunities provided by token reorder-
ing. One advantage to using tokens 1s that they can be reor-
dered to provide multiple paths through an index structure,
without losing any information, and without complete path
duplication. For instance, returning to FIG. 3, there 1s an
A—C—F path that leads to a company name. This can be
reordered and stored as F—=C—A, but still point to the data
item “Goods Inc.”, to thereby accomplish more than one path
that lead to the same data item. This type of reordering 1s
possible within an index built on tokens, but not readily
realizable 1n a relational system. Reordering paths 1n a rela-
tional system (and maintaining good search performance)
requires duplication of tables or using materialized views.
Either potential relational solution 1s very costly 1n terms of
space.

Beyond simple path reordering paths may also be “short-
cut.” Instead of using an M to represent A—C—F users may
be interested 1n all F tokens (Buyer and Seller Names 1 FIG.
1). Since the XML 1s stored as a tree, searches begin at the root
of the tree and proceed downward. When looking for just F
tokens, the entire document tree must be searched to find the
F tokens. An obvious solution 1s to use an external index, like
an mverted list, to store all F tokens and do lookups from
there. While obvious, the mverted list requires space beyond
the main 1ndex, 1t adds the complexity of maintaining two
types ol indexes, and adds the cost of maintaining strict integ-
rity constraints between the mverted list and the main index
during inserts, deletes, and updates.

A more direct and consistent approach would be to add
paths from the root with the F token that pointed directly to
the F objects. An example of this type of shortcut 1s shown in
FIG. 12. With this approach, all original paths are preserved,
but quick access to particular objects 1s also allowed (as well
as 1n FI1G. 11).

Having referred to issues of optimization, there follows a
discussion, which exemplifies querying over semi-structured
(XML) data that 1s indexed by a layered index, 1n accordance
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with a preferred embodiment of the mvention. The invention
1s by no means bound by this particular querying and indexing
example.

Generally speaking, queries over relational data sources
return relational data. It 1s a simple task to query a relational
source using a modern query language, such as SQL, because
the schema 1s fixed. A fixed schema means that users know
what the returned data will look like at the time they pose the
query. It also means that the queries are simple to formulate.

Queries over semi-structured data sources are a bit more
difficult to handle. Users may not always know at query time
what the results should look like. Semi-structured queries
should return whatever available data matches the query. In
the case of XML data, this means returning an XML fragment
that corresponds to a subtree that has certain properties speci-
fied by the query. For example, reverting to FIG. 1, one may
ask for “Invoice—Buyer,” where
“Invoice—Buyer—=Name="ABC Corp.”.” This 1s equivalent
to asking “give me the address information from an 1nvoice
where the buyer 1s ABC Corp.”

The portion of the query “Invoice—=Buyer—=Name="ABC
Corp.”” corresponds to finding XML of the form
<Invoice><Buyer><Name>ABC Corp.</Name> . . . and
returning the entire subtree rooted at <Buyer>. The “projec-
tion” step consists of stmply finding and returning the appro-
priate <Buyer> subtree, though more expressive languages
may allow for transforming the <Buyer> subtree into a new
tree.

By examiming current academic and industrial papers on
semi-structured query languages, (such as Lorel, XPath and
Quilt see

S. Abiteboul, D. Quass, J. McHugh, J. Widom, and J.
Wiener. ““The Lorel Query Language for Semistructured
Data.” International Journal on Digital Libraries, 1(1):
68-88, April 1997.

XML Path Language (XPath), Version 1.0, W3C Recom-
mendation 16, Nov. 1999, Editors: James Clark, Steve
DeRose.

D Chamberlin, J Robie, and D Florescu. “Quilt: An XML
Query Language for Heterogeneous Data Sources.”
International Workshop on the Web and Databases
(WebDB’2000), Dallas, Tex., May 2000.)

one finds the following primary query predicates for semi-
structured data:

1. Structural existence: find XML fragments that have a
particular branching structure, e.g. <A><B></B><C></
C></A>, where <A> may not be the root.

Rooted structural existence (special case): find XML
documents with a certain structure, starting at the
root.

2. Simple path expressions: find XML of the form
A— B—=C=XYZ” (where <A> may not be the root)
Rooted simple path expressions (special case): find

XML of the form root—=A—=B—=C="XYZ"”

3. General path expressions: like simple path expressions,
except that wildcards may be used:

A—(S51152)—B: a path looks like either A—=S1—B or
A—=S2—B

A—(5)?—B: A path may or may not have S, e.g. either
A—S—B or A—B matches

A—(S)+—B: A path with one or more S components,
e.g. A>S—B,A—=S—-=S—-=BA—-=S—=S—=85—=8,...
A—(S)*—B: A path with zero or more S components

%: A wildcard for characters in a component label. e.g.
A—S %—B looks for labels starting with S, A—=% S
%—B looks for labels containing S, etc.
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A—(%)*—B: Find an A, followed by any number of
labels with any name, followed by a B

4. Path expressions with text intermixed: A particular child
1s Tollowed only 11 that child encompasses certain text,
c.g. A—=B only 11 A’s text 1s “fo0.”

5. AND: Find a subtree with two properties, ¢.g. Find A—B
such that A—=B—=C="100” AND A—B—=D="bar”

6. OR: Find a subtree with either of two properties, e.g.
Find A—=B such that A—=B—=C=1f00” OR
A—B—=C="bar”

7. Order: Find a subtree where the nth child 1s X, the mth
child 1s Y, etc. English examples of queries imvolving
order are of the form: “find DBLP records where the first
author 1s ‘Brian Cooper’” or “find invoices where the
first 1tem 1s “hammers’ and the second 1tem 1s ‘nails’.”

In a database management system, the “query processor’
component answers queries using a tree of query operators.
Each query operator performs a simple task. Complex queries
are formed by combining multiple operators. In the case of
Layered Index, the following operators are useful:

Key lookup: Look for a complete key in the index and

return the associated pointer (or set of pointers) to data.
For example, 11 the key 1s “ABCioo,” then look for that
key by traversing the Layered Index to the leaf, and
retrieve the pointers from the leat.

Prefix key lookup: Look up the prefix of a key in the index,
and return all of the children of that prefix in the index.
For example, the prefix may be “AB.” and looking up
this prefix will allow us to find “ABCloo,” “ABDbar,”
“ABbaz” and so on. Prefix search means finding a node
in the vertical portion of the Layered Index, and then
traversing the entire subtrie rooted at this node to find all
of the leaves and pointers. The horizontal index 1s fol-
lowed according to the prefix until getting to a leaf block
of the index, and in the leat block the node that repre-
sents the prefix 1s found. Then, the vertical index 1s
followed wholly within the leaf layer to find all of the
children.

Pointer set intersection: Perform an intersection over a set
of pointers.

Pointer set union: Perform a union over a set of pointers.

Turning now to smart paths (constituting non-explicit
structural information that 1s associated with the data as they
may not appear in the original XML data), 1t may be recalled
that smart paths correspond to particular queries. These que-
rics may be parameterized, e.g. “Select invoices where the
buyer 1s X and the seller 1s Y.” Such queries imply the exist-
ence of a particular structure coupled with certain data values
at the leaves of that structure. The structure may be very
general, for example corresponding to a general path expres-
S1011.

Answering a query for which there are smart paths 1s
straightforward. Of course, a query must supported by an
ex1isting smart path to use this approach. A query parser could
determine 11 a posed query overlaps an available smart path,
even 1f they have slightly different forms. Imagine a smart
path that represents “<Invoice><Buyer/><Seller/>. .. ” with
a designator “Z” in the Layered Index. For the query “Find
invoices where the buyer 1s IBM and the seller 1s RightOrder,”
the query processor extracts “IBM” and “RightOrder” and
forms them 1nto a key like “ZIBMRightOrder.” After that, the
query processor uses the key lookup operator to find the
documents that match this query. This entails a single index
lookup since the query processor needs to search for only one
key.

In some cases, smart paths can support queries that do not
exactly match the intended query. For example, atemplate for
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finding 1voices with a particular buyer and seller can also
support the query “Find invoices where the buyer 1s X.” This
1s because the query can be answered by looking for keys
prefixed with “Zbuyer.”” Again, one can use the prefix key
lookup operator to find the answer to the query. On the other
hand, 1t 1s difficult to use the same smart path for the query
“find 1voices where the seller 1s Y,” since that requires look-
ing for keys of the form “Z*seller,” where the * 1s any string.
Thus, to answer the query using this smart path, 1t 1s required
to “skip over” the middle component of the key, which 1s
potentially very hard to do. However, smart paths were not
intended to support arbitrary queries, just those that the data-
base administrator optimizes for before query time.

Turning now to the original paths (constituting explicit
structural information that 1s associated with the data as they
appear 1n the oniginal XML data), they are present in the
original semi-structured data, reflect the complete structure
of the data, and thus support more queries. However, because
the paths are structured like the data, and not like the quernies,
these paths may be more difficult to search than smart paths.
(Since smart paths never require more than one lookup for a
query, 1t 1s actually impossible to be more efficient than smart
paths, but some queries will be “as good.”)

In the discussion below there are shown some ways of
handling the semi-structured queries (listed above) using the
original path information. There may be more ellicient tech-
niques that require further exploration, but here are some
techniques to use the index to support particular query types.
The invention 1s of course not bound by the specific examples
discussed below.

Rooted Structural Existence:

To find documents containing a particular structure starting

at the root, the query structure 1s encoded 1n the same way that

the original paths are. For example, a query of the form “Find
documents with <A><B><(C>" becomes a query for “ABC”
(if A, B, and C are the tokens for <A>, <B> and <C>). This
query likely corresponds to a prefix of a set of keys inserted
into the index. For example, 1 documents are structured
<A><B><C>data</C></B></A>, there will be keys of the
form “ABCdata.”. The prefix key lookup operator 1s used,
searching for “ABC,” to find the answer to the query.
Rooted Simple Path Expressions:

These queries look for a constant at the leaf of a path, and
correspond to a complete root-to-leat traversal of the Layered
Index. Consequently, a search key can be formed 1n the same
way that the original paths are formed, and use the key lookup
operator. For example, i the query 1s “find documents with
<A><B><C>data</C></B>J/A>." a complete key “ABC-
data” 1s formed and thereafter a single lookup 1n the Layered
Index for that key 1s performed.

Path Expressions with Text Intermixed:

Consider the following semi-structured data fragment:
<A>alpha<B>beta</B></A>. The text elements “alpha” and
“beta” are leaves, and this fragment can be encoded as two
keys: “Aalpha” and “ABbeta.” Previous work takes this
approach to data encoding multiple paths, and 1t can be sup-
ported 1n the Layered Index. (e.g. Lore, Xpath, specified
above).

If users want to search for “<A>alpha<B>beta,” there are
three operations:

1. Search with the key lookup operator for “Aalpha”

2. Search with the key lookup operator for “ABbeta”

3. Use the pointer set intersection operator over the results

of 1 and 2 to yield candidate results
General Path Expressions:

These queries can be divided 1nto two classes: queries that

can be expanded 1nto a finite set of simple path expressions,
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and those that expand to an 1nfinite set of stmple path expres-
s1ons. For example, A—(51/S2)—B expands to two queries,
A—=S1—B and A—=S2—B. In contrast, A—(S)*—B expands
to an infinite set (e.g. A—=B,A—=S—B,A—=S—=S—=B, efc.), as
does A—(S)+—B.

If the query expands to a finite set of queries, the query
processor can run each query individually using separate key
lookup operators. This requires multiple traversals of the
Layered Index, but each simple traversal 1s eflicient, so the
query 1s answered relatively efficiently. For example:

Query: A—(511S2)—B

Search: A—S1—=B and A—=S2—B
Query: A—=(S) %—B
Search: A—B and A—S—B
Query: A—S %—B
Search: look 1n the token dictionary for all tags that start
with S. Then search for A—S1—B, A—=S2—B,
A—=S3—=B...where 51, S2, 83, etc. are the tags that
start with S
Query: A—=(5)?—(T)7—B
Search: A—B, A—=S—B, A—=T—B, and A=S—=T—B

It 1s possible that the finite set of queries 1s actually quite
large. For example, the query A—B %—C %—D %—FE
%—F could be expanded to many queries 1f there are many
tags that start with B, C, D and E. In this case, there are other
approaches to naively running all of the queries; these tech-
niques are well known per se and therefore will not discussed
herein.

If the query expands to a finite set, then it 1s harder to
answer efficiently. This happens when the query includes * or
+. In thus case, the query processor can follow every path that
looks like 1t might match the query. For example, A—(%)
*—(C means “lind every C that has an ancestor tagged A.” To
answer this query, the processor starts by using the prefix key
lookup operator to search for the A prefix, and then follows
every child of the A prefix node to see 1f there 1s a C tag
somewhere below. Alternatively, the general prefix key
lookup operator could return all children of the A prefix, and
then the filter out the children that did not have a C tag
subordinated.

Nonetheless, this approach 1s still potentially expensive.
Maintaining an external DataGuide and/or structural statis-
tics could be useful for allowing the query processor to prune
much of the search space. For example, the query processor
may look 1n a DataGuide to find that A—=B—=C and A—=D—C
exi1sts, but that no other paths could match the query A—(%)
*—(C. Thus, the query can be answered by using just two key

lookup operators to search the Layered Index, one for
A—B—C and one for A—=D—C.

AND:

The AND of two search predicates can be answered by
running both predicates and taking the intersection of the
results using the pointer set intersection operator. For
example, the AND of two simple path expressions can be
answered by creating two key lookup operators and stacking
a pointer set intersection operator on top.

OR:

OR can be answered like AND except that we use the
pointer set umon operator instead of the set intersection
operator.

Order:

XML query languages can specily order, ¢.g. “find papers
where the first author 1s X.” The original paths 1n the semi-
structured data include order information but require for
implementation considerations the use of ‘O’ token discussed
above. Since storing order requires an additional token, a
query that specifies order should preferably be answered 1n
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two steps. First, the query 1s stripped of order information and
run as 1f order did not matter. Then, the result set 1s inspected
to find candidates that match the desired order. This last step
can be achieved either examining the data itself, or by lever-
aging an available “O” token.

In summary, the main query primitives in languages like
Lorel, Quilt, and XPath (among others) are supported by the
Layered Index through a few simple operators. The most
complicated queries may require multiple traversals through
the index, but this 1s still superior to parsing and examining,
the data, and are also better than using Btree (which always
require more traversals). The projection step of a query 1s
handled after the correct document or fragment 1s found, but
that 1s acceptable: 1t 1s not the job of the index to do projection.

The present invention can be realized mn any computer
system including but not limited to that shown in FIG. 13. As
shown plurality of computers (of which only three (131) and
(132) and (133) are shown) are interlinked by means of net-
work (130). Each computer being e.g. a PC. In accordance
with a preferred embodiment the encoding and indexing 1s
realized 1n a server node, say (131) whereas the querying 1s
realized from a plurality of user nodes, say (132) and (133).
The mvention 1s of course not bound by this embodiment. By
way of non-limiting another embodiment the coding, index-
ing and querying are all performed 1n the same node, and 1n
accordance with yet another non limiting preferred embodi-
ment each of the specified tasks 1s performed 1n a distinct
node. In the claims that follow, alphabetical characters and
roman symbols are used for convenience only and do not
necessarily impose any order on the method steps:

It will also be understood that the system according to the
invention may be a suitably programmed computer. Like-
wise, the mvention contemplates a computer program being
readable by a computer for executing the method of the inven-
tion. The mvention further contemplates a machine-readable
memory tangibly embodying a program of instructions
executable by the machine for executing the method of the
invention.

The present invention has been described with a certain
degree of particularity, but those versed in the art will readily
appreciate that various alterations and modifications may be
carried out without departing from the scope of the following
claims.
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What 1s claimed 1s:

1. A method for transforming an XML data input to enable
search over the XML data input or components thereof, the
method comprising:

a. transforming said XML data iput 1nto a logical tree 1n
which tags or attributes of said XML data mput are
nodes of the logical tree, each of said nodes representing
non-structural or structural information from said XML
data 1nput;

b. labeling each of said nodes of said logical tree with
tokens from a token table, the token table including
tokens and matching tags or attributes being tags or
attributes of said XML data input, thereby obtaining
labeled nodes; and

. creating an 1ndex from said tokens to facilitate efficient
search of data 1n said logical tree, said index represent-
ing paths of labeled nodes 1n said logical tree whereas
the indexing process includes transforming said paths
into keys to be indexed, the keys being indexed being
strings of arbitrary length that each includes both: non-
structural and structural information from said XML
data 1nput,

wherein one portion of the key comprising of tokens rep-
resenting structural imnformation and second portion of
the key comprising non-structural information,

wherein the structural information 1s a representation of the
structural markup and attributes of said XML data imput,
and the non-structural information represents content
from the XML data input.

2. The method of claim 1, wherein said index represents the
structural information, said structural information being the
relationships between data 1tems, the relationships between
data items consisting of parent-child or sibling relationship.

3. The method of claim 1, wherein said index 1s a desig-
nated index.

4. The method of claim 1, wherein said index 1s a layered
index.

5. The method of claim 1, wherein said index 1s based on a
Patricia Trie.
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